An intriguing aspect of cardiac mechanoenergetics is the smaller variability of the contractile efficiency than the energy economy of force. We theoretically speculated about this dissociation by relating the mechanical efficiency with Po/a (the curvature of the force-velocity curve) in Hill's characteristic equation of muscle; Po/a is known to change with the energy economy and inversely with Vmax, and myosin ATPase activity. The analysis showed that the variability is smaller for the mechanical efficiency than for Po/a and that the energy economy changes approximately with (Po/a)3. These theoretical relations may partly explain the small variability of the empirically observed contractile efficiency under various experimental conditions which are known to widely change the energy economy.
. Schematic illustration to compare the contractile efficiency to the energy economy of force. The contractile efficiency corresponds to the inverse slope of the relation between oxygen consumption on the ordinate and the total mechanical energy in terms of the systolic pressure-volume area (PVA) on the abscissa. The total oxygen consumption consists of the mechanics-dependent and mechanics-independent components. The mechanics-independent oxygen consumption increases with contractility, elevating the relation line in a parallel manner, i.e., without changing the contractile efficiency. The energy economy of force is defined as the ratio of the isometric force-time integral (FTI) to the heat (either total heat or initial heat) generated by the contraction whether twitch or tetanus (Refs. 1, 6 and 7). The economy is inversely proportional to myosin ATPase activity, particularly associated with myosin isozyme shift between V1 and V3 by the thyroid state (Modified from In this theoretical study, we speculated about the mechanism of this dissociation using Hill's characteristic equation of muscle and empirical data in the literature.1),6),7),9)-11)
METHODS AND RESULTS

Hill's Characteristic Equation
Hill's characteristic equation describes the force-velocity relation of muscle in general and is given by the following equation10)-12):
(P+a)(V+b)=(Po+a)b
(1) The brackets indicate dimensions. Eq. 1 describes steady-state contractions. Although Hill first obtained the characteristic equation in the skeletal muscle (sartorius; fast muscle) of the frog, Eq. 1 has been shown to fit other fast and slowly contracting skeletal and cardiac muscles.6),10) Po is considered to depend on the number of crossbridges that are attached.11) V at P=O is termed Vmax. It is considered to reflect the maximum rate of crossbridge turnover.11)
Po/a and Vmax/b are equal to each other and also dimensionless constants in a given muscle,11) as seen in Table I . Po/a indicates the curvature of the hyperbolic force-velocity curve.6),7),11),13) Po/a varies widely with the Vmax of muscles, as seen in Table 2 .II and Fig. 2 .11 of Ref. 11.
Mechanical Power
Eq. 1 gives the external mechanical power output (POWERo) as the product of P and V:
Heat Rate Muscles contracting in steady state generate maintenance heat and shortening heat. The maintenance heat is generated in both isometric and shortening contractions. The shortening heat is generated only in shortening contractions.
Hill12) originally found in the frog skeletal muscle (a fast contracting muscle), Shortening heat rate=aV=0.25PoV.
Hill14) later found some load-dependence of the a value and modified Eq. 3 to Shortening heat rate=(0.18Po+0.16P)V.
Woledge10) found the shortening heat rate in the tortoise skeletal muscle (a slowly contracting muscle) to be Shortening heat rate=0.04PoV.
Woledge10) also found that the maintenance heat rate of either the fast contracting (frog) or slowly contracting (tortoise) skeletal muscle in excess of basal metabolism is roughly approximated by Maintenance heat rate=ab.
The total heat rate (H) is therefore given as H=shortening heat rate+maintenance heat rate.
Jpn. Heart J. March 1992 Total Power The total power (POWERt) in excess of the basal metabolism is given as the sum of the mechanical power and the total heat rate:
Mechanical Efficiency Mechanical efficiency (EFF) is given as the ratio of POWERo to POWERt:
From Eqs. 2, 4, 6 and 7 for the fast contracting (frog) skeletal muscle ,
Similarly, from Eqs. 2, 5, 6 and 7 for the slowly contracting (tortoise) skeletal muscle,
Dividing both numerator and denominator of Eq. 10 by PoVmax yields
Similarly, from Eq. 11,
In Eqs. 12 and 13, P' and V' are the normalized P and V with respect to Po and Vmax. This normalization follows the convention in muscle physiology.11) (Po/ a)-2 has replaced (a/Po) (b/Vmax) because a/Po=b/Vmax. From Eq. 1, V' can be given as a function of P' with Po/a as a parameter11):
Substituting Eq. 14 into Eqs. 12 and 13 yields EFF as a function of only P' with Po/a as a parameter.
Because H is the initial heat rate without the recovery heat rate, EFF is the mechanical efficiency from the enthalpy of ATP independent of the efficiency of oxidative phosphorylation.3),11) EFF is the active mechanical efficiency when the basal metabolism is excluded. Fig. 2 shows a family of normalized force-velocity curves for four different Po/a values, derived from Eq. 14. These Po/a values are representative empirical values of the fast and slowly contracting skeletal muscle and the cardiac muscle, as listed in Table I . The dogfish white myotomal muscle contracts faster than a frog skeletal muscle.9) V1 and V3 represent fast and slow cardiac muscles, respectively.1),2),6)-8) These force-velocity curves simulate the larger curvature of the force-velocity relation for the slower muscle and vice versa.6), 11) EFF is a variously skewed downward parabolic function of P' with Po/a as a parameter, although it is not shown here. The maximum EFF (max EFF) for V' and P' are normalized velocity and force with respect to Vmax, and Po. Dogfish refers to the dogfish white myotomal muscle, a fast skeletal muscle. Frog refers to the frog sartorius muscle, a fast skeletal muscle. Tortoise refers to the tortoise rectus femoris muscle, a slow skeletal muscle. V1 and V3 refer to rabbit cardiac muscles composed primarily of V1 and V3 isomyosins.
a given Po/a value exists in the middle of the P' range.
The P' value for the maximum EFF increases with decreases in Po/a. Fig. 3A shows the max EFF as a function of Po/a. Each of the two curves was obtained by connecting the max EFF versus Po/a points over the Po/a range of 0-20. The lower (solid) curve was obtained from Eq. 12 for the fast contracting skeletal muscle (frog); the upper (dashed) curve was obtained from Eq. 13 for the slow contracting skeletal muscle (tortoise). The max EFF increases first rapidly and then gradually with Po/a on either curve. The empirical data of the frog and the tortoise fall on the fast and slowly contracting muscle curves. The dogfish white muscle9) falls between the two curves. The short-dashed curve connecting these three data points shows an estimated max EFF-Po/a relation of muscles with various Po/a values between the frog and tortoise skeletal muscles. The physiological range of Po/a and max EFF documented in the literature11) falls between the two inverted L-shaped line segments in Fig. 3A .
Maximum Mechanical Efficiency
In Fig. 3A , the maximum EFF increases by 2.7 times from 0.30 to 0.80 with the 7.5 fold increase in Po/a from 2.3 (dogfish) to 15.2 (tortoise). The relation is nearly logarithmic. This theoretical relation suggests that the variability of the max EFF is smaller than that of Po/a. The max EFF may not be proportional to Po/a, although Woledge10),11) has proposed Po/a as related to the thermodynamic efficiency of muscle.
We then applied this theoretical relation to cardiac muscles. It has been generally considered that Hill's characteristic equation nicely fits the force-velocity relation of tetanized myocardium,16) but not of a twitching myocardium.17) How- ever, the force-velocity relation was recently shown to fit nicely even a twitching myocardium if the relation is determined immediately after a quick release to an isotonic load.18) We therefore assumed that the same theoretical relation as obtained above in Fig. 3A can be applied to cardiac muscles. In fact, Alpert and his associates1)6),7) have successfully applied Hill's concept to interpret the changes in Po/a, crossbridge cycling rate and myosin ATPase activity as well as the energy economy with thyroid states and hypertrophy. Table I also shows Po/a values obtained for cardiac muscles.6),18) The lower and upper ends of the cardiac Po/a range correspond to nearly 100% V1-type isomyosin in the hyperthyroid rabbit myocardium and nearly 100% V3-type isomyosin in the pressure-overload-hypertrophied one, respectively. Fig . 3B shows the full range of cardiac Po/a on the same theoretical curve as shown in Fig. 3A . The cardiac Po/a range is considerably narrower than the skeletal Po/a range shown in Fig. 3A .
The range of the estimated max EFF is 0.40-0.60 (1.5 fold) in cardiac muscles. Theoretically predicted relationship between the maximum mechanical efficiency (max EFF) and the energy economy of force. Physiological ranges of the economy as given by (Po/a)2/Vmax, approximated by k(Po/a)3, for both cardiac and skeletal muscles are indicated. The k value was assumed to be unity. The abscissa is scaled logarithmically. The lower (solid) and upper (dashed) curves were derived from the frog's and tortoise's max EFF-Po/a relations. The middle (dotted) curve interpolates the three data points of the dogfish, frog and tortoise.
in Fig. 4 . As in Fig. 3A and B, the lower (solid) curve corresponds to the fast contracting frog muscle, and the upper (dashed) curve corresponds to the slowly contracting tortoise muscle. The tortoise, frog and dogfish data are again plotted in the same way as in Fig. 3A . The dotted line connecting these points is an estimated max EFF-economy relation for other muscles with different contraction speeds and economy values. These results suggest that the order of variability is: energy economy [(Po/a)2/Vmax]>Po/a>max EFF.
DISCUSSION
Contractile Efficiency
Although we have so far discussed the mechanical efficiency, our primary interest was the relation between the contractile efficiency and the energy economy. The contractile efficiency has been defined as the efficiency from the mechanics (or PVA)-dependent oxygen consumption to the total mechanical energy (or PVA),3)-5),19)-21) as seen in Fig. 1 . PVA is the area in the pressure-volume diagram which is surrounded by the end-systolic and end-diastolic pressure-volume relations and the systolic pressure-volume trajectory, as shown in Fig. 5 . PVA represents the total mechanical energy generated by ventricular contraction.
The PVA-dependent oxygen consumption is the fraction of the oxygen consumption in excess of the oxygen consumption for the basal metabolism and the excitation-contraction coupling (primarily calcium handling).3)-5),19)-21) The total mechanical energy as represented by PVA is the sum of the external mech- Fig. 5 . Schematic diagram to relate ventricular systolic pressure-volume area (PVA) and external mechanical work (EW). PE=mechanical potential energy. Mechanical work output from a given preload is maximum and the mechanical efficiency is nearly maximum when the afterload pressure is nearly half peak isovolumic pressure or slightly below it. Under this afterload condition, EW is nearly twice as great as PE, and therefore EW is nearly 2/3 of PVA.
anical work (EW) and the internal mechanical potential energy (PE)3)-5), 19) as shown in Fig. 5 . The contractile efficiency is the reciprocal of the slope of the left ventricular oxygen consumption-PVA relation as shown in Fig. 1 and has been shown to be relatively constant at 40% on average, ranging from 30-50% in dependent of loading conditions and contractile states in a given dog left ven-
The contractile efficiency is the product of the chemochemical efficiency of the oxidative phosphorylation and the chemomechanical efficiency of the contractile machinery.2)-4) Because the former efficiency can be assumed to be relatively constant (0.6-0.7),2)-4),22) the constant contractile efficiency means that the latter efficiency is also constant. It is calculated to be 0.6-0.7 (=0.4/0.7-0.4/ 0.6).3)-5),19),20) The 60-70% oxidative phosphorylation efficiency means that the recovery heat is 0.3-0.4 of the total energy consumption of the muscle.2),22) We consistently used this value in this study, although greater fractions (0.4-0.6) of the recovery heat can be obtained from the other literature.1), 11) The mechanical efficiency excluding the recovery heat is considered to be a variable fraction of this relatively constant chemomechanical efficiency.20),23) It is zero when shortening is not allowed or is allowed against zero load. However, the maximum mechanical efficiency is close to the mechanical efficiency obtained when afterload is nearly half peak isometric tension or peak isovolumic pressure, as shown in Fig. 5.3 ) Under this afterload condition, the mechanical work is nearly 2/3 of the total mechanical energy represented by the systolic pressure-volume area (PVA). The remaining 1/3 of the PVA is the mechanical potential energy (PE) and is considered to be dissipated as heat. Therefore, the maximum mechanical efficiency is about 2/3 of the contractile efficiency, and the chemomechanical efficiency of 0.6-0.7 is reduced to the maximum mechanical efficiency of about max EFF=maximum mechanical efficiency; Po/a=index of curvature of the hyperbolic forcevelocity relation; FTI/heat=time-tension integral divided by heat as a direct measure of the thermal economy; Vmax=maximum unloaded shortening velocity; Myosin ATPase=its activity; Ref=reference number. FTI/heat for the rat in the parentheses was obtained in the tetanic contraction. Vmax-1 for the rat in parentheses was estimated from the crossbridge cycling rate. Adaptive Principle The coexistence of the stable contractile efficiency and the variable energy economy of muscles suggests a biological adaptive principle.
In the design of the muscle, there seems no necessity nor law to limit the speed of contraction: both speed of contraction and myosin ATPase activity vary 300 fold between very slowly and very fast contracting muscles.24) Rapid movements need fast contracting muscles whereas slow movements do not need fast contracting muscles. However, efficiency is limited between 0 and 100% by the first law of thermodynamics or the law of energy conservation.
Therefore, the relative constancy of the maximum mechanical work and contractile efficiencies seems to be a manifestation of the biological adaptive principle to design muscles of various speeds of contraction for different purposes within the constraint of the thermodynamics law.
Remaining
Problems The present theoretical considerations entirely depend on the assumptions related to the skeletal muscle mechanoenergeties in the classic literature.10),12) This is primarily due to the lack of new literature on myocardial mechanoenergetics which we could utilize for the present purpose.
Therefore, we could only speculate about the dissociation between the efficiency and the economy of the myocardium.
To account for this dissociation, we have to wait until appropriate data accumulate in a wider spectrum of cardiac and skeletal muscles.
Summary
Our theoretical considerations based on both Hill's characteristic equation of muscles and energetics data in the literature suggest the mechanism underlying the dissociation between the relatively constant contractile efficiency and the widely variable energy economy of force in the myocardium under various inotropic interventions.
